Endotoxins are lipopolysaccharides found in the outer membrane of most Gram-negative bacteria and cyanobacteria. Worker exposure to endotoxins has been shown in a number of work situations and is associated with both respiratory and systemic pathologies. The lack of an occupational exposure limit is mainly due to the absence of a standard protocol at the international level for sampling and analyzing airborne endotoxins. The bibliographic review in this article takes an exhaustive look at the current knowledge on measuring airborne endotoxins. It shows that, despite several reference documents at the international level, the methods used to measure endotoxin exposure differ considerably from one laboratory to another. Standardization is necessary to reduce interlaboratory variability and, ultimately, to improve the use of interstudy data. The bibliographic review presents the current status of standardization for airborne endotoxin measurement methods in the workplace and summarizes areas for further research. This article is both a reference document for all operators wishing to use such methods and a working document to build international consensus around the measurement of airborne endotoxins.
Endotoxins are lipopolysaccharides (LPSs) found in the outer membrane of most Gram-negative bacteria and cyanobacteria. They are mainly released during cell lysis, after which they exist in suspension in the workplace atmosphere (Mattsby-Baltzer et al., 1991) . Much attention has been paid in recent years to the quantification of suspended endotoxins in the air. Thus, several studies have evaluated the concentration of airborne endotoxins for various workplaces where workers are at a high risk of occupational exposure (Laitinen et al., 2001; Rylander, 2002; Smit et al., 2005; Dutil et al., 2009) . The occurrence of endotoxins in blood may provoke high fever, septic shock, or even death as a result of impaired organ functioning or a systemic inflammatory response (Hurley, 1995) . Endotoxin exposure has been associated with worker health effects in sectors as diverse as the cotton industry (Oldenburg et al., 2007) , animal husbandry (Heederik et al., 1991) , and wastewater treatment (Smit et al., 2005) . The inflammatory properties of inhaled endotoxins are implicated in several types of occupational pathologies (Rylander, 1997 (Rylander, , 2006 Liebers et al., 2008) . In exposed workers, the inhalation of endotoxins has been associated with both respiratory and general symptoms such as fever, coughing, irritation of the respiratory system, and chest congestion (Rylander, 2002; Sigsgaard et al., 2005; Liebers et al., 2006) .
Despite the reality of occupational exposure to endotoxins and the acknowledgement of its effects on the health of workers, an occupational exposure limit (OEL) has not yet been established for these biological agents. The lack of an OEL is mainly attributed to the absence of a standard protocol at the international level for the sampling and analysis of airborne endotoxins. The methods and protocols used for endotoxin sampling and analysis vary greatly from one study to another, and the lack of correlation between the data makes it impossible to establish a clear dose-effect relationship or an exposure limit for the workplace.
Measuring airborne endotoxin concentration in the workplace comprises three crucial steps: air sampling, sample transport and storage, and sample analysis. The analysis step includes pretreating the samples (extraction) followed by an endotoxin assay. Several documents published by standardization organizations or occupational health institutes describe protocols with different accuracy and standardization levels. Two standards for the assessment of occupational exposure of airborne endotoxins have been published in Europe by the European Committee for Standardization (CEN) . The first one is the standard EN 13098 (CEN, 2000) , which describes the rules for measuring airborne microorganisms and endotoxins in the workplace; however, endotoxin measurement is dealt with in a superficial way. The second one is the standard EN 14031 (CEN, 2003) , which is entirely dedicated to airborne endotoxin determinations in the workplace. In the United States, standard ASTM E2144-01 (ASTM, 2007) describes a measurement method for airborne endotoxins specifically for metal machining workshops in which bioaerosols are generated from metal working fluids. In addition to these standards, several institutes have developed national standard methods, e.g. the Institut de recherche Robert-Sauvé en Santé et en sécurité du Travail (IRSST) in Quebec (Marchand et al., 2009) , the Institut National de Recherche et de Sécurité (INRS, 2010) in France, and the Berufsgenossenschaftliches Institut für Arbeitsschutz (BGIA, 2002) in Germany. Documents from NIOSH (Jensen and Schafer, 1998) and the American Industrial Hygiene Association (2005) also give recommendations for sampling and analysis. Consequently, standard methods exist but not at an international level. Furthermore, some of these documents were written many years ago and should be reviewed to incorporate newly available knowledge.
The corresponding documents have some similarities, for example, the methods used for sampling airborne endotoxins and the analytical techniques applied for assaying endotoxins in samples (Table 1) .
Furthermore, the documents recommend the same units for the expression of results. However, the reference documents have some differences in the experimental protocols used for the main steps of the method. For example, standards EN 14031 and ASTM E2144-01 differ significantly in terms of the sample transport and storage conditions as well as the extraction step (Table 1) . Furthermore, most of these documents vary widely in the level of detail with which the materials, methods, and, in some cases, reagents are described. There is relatively little information regarding the measurement strategy. In summary, the reference documents leave much to the interpretation of the users, and consequently different methods are used from one laboratory to another.
Several studies have also shown variability in the air sample analysis results obtained by laboratories using different analytical protocols (Reynolds et al., 2002) . This variability was reduced when the laboratories involved in interlaboratory testing used the same protocol (Chun et al., 2000 (Chun et al., , 2002 (Chun et al., , 2006 . These tests were carried out to determine which steps contributed most to the variability of the results. They did not attempt to optimize the protocols but stated the need for standardization. Other standardization initiatives dealing with optimization of protocols have been undertaken and represent an undeniable step forward (White, 2002; Liebers et al., 2007; Spaan et al., 2007b Spaan et al., , 2008c . Nevertheless, the whole issue of airborne endotoxin measurement including sampling, analysis and strategy has not been reviewed recently.
The present review was written as part of a long-term study entitled 'Bioaerosol Metrology', conducted by the INRS. It presents results of a bibliographic review examining existing standards, methods proposed by various international institutes, and scientific literature. Papers published in the period 1980-2011 were reviewed to obtain data regarding the measurement methods used to assess exposure to endotoxins in occupational settings. An initial list of papers (~600) was obtained from PubMed (http://www.ncbi.nlm.nih.gov/pubmed) with three search keywords: endotoxin, exposure, and occupational. Additional keywords (standardization, sampling/ measurement method, sampling strategy, free-bound endotoxin, etc.) were used to select the papers relevant to this review. In addition, we focused on papers published after 2000 (coinciding with the release of the first standard methods). The aims of the review are as follows: Prescott et al., 2003) .
Downloaded from https://academic.oup.com/annweh/article-abstract/57/2/137/2464321 by guest on 26 February 2019 Table 2 . Examples of airborne inhalable endotoxin concentration levels measured at the workplace using the LAL method (nonexhaustive list) 'lipid A', is responsible for the toxicity of the LPSs, whereas the polysaccharide component is responsible for its antigenicity. The term LPSs commonly refers to the purified form; 'endotoxin' refers to the LPSs attached to other elements of the bacterial membrane.
Overview of endotoxin occurrence at the workplace Gram-negative bacteria are found in a variety of sources in the occupational environment. These sources include either solid (settled dust, household waste, compost, grains, and plants) or liquid (wastewater, metalworking fluids, water from dental unit waterlines, etc.) matrices containing organic matter. Bacterial growth may occur in contaminated matter depending on many factors. Endotoxins become airborne during occupational practices that create aerosols from these sources. Exposure of workers to endotoxins has been shown in a number of sectors such as agriculture and animal husbandry, agro-food industry, waste collection, and treatment industry and also in offices (Table 2) . Endotoxin levels can be several thousand times higher than concentrations observed in nonexposed environments such as outdoor air (Madsen, 2006a) . Concentrations of airborne endotoxins in workplaces [expressed as endotoxin units (EU)] are governed by many factors including the production process, the tasks involved in the work, the operating procedures, the distance to the source, the climatic parameters, and so on. In practice, the methods used to measure airborne endotoxins vary greatly from one study to another (Table 3) .
Size distribution of endotoxin particles in the air
Endotoxins are released from bacterial cells during cell lysis and growth (Mattsby-Baltzer et al., 1991) . This leads to LPSs either in pure form or associated with other components of the cell wall (proteins, phospholipids) in which LPSs are found (Fig. 1) . In bioaerosols, given that cell wall rupture is favored by dehydration and mechanical impact, cell lysis is the most significant source of 'free' endotoxins. Endotoxins are present in the air in three main forms. The first corresponds to pure, small LPS molecules with molecular weights of 2000 to 20 000 Da. For example, the pure LPSs extracted from a smooth strain of Salmonella sp. measures 5.6 nm long and 1.6 nm wide (Hurley, 1995) . The second form corresponds to pure LPSs associated with other cell wall components. It can be assumed that these components are not much larger than a typical bacterial cell, measuring less than 1 or 2 µm. LPSs associated Morgenstern et al. (2005) Results expressed as ng m −3 in the original article were transformed in EU m −3 using the conversion factor provided by authors or multiplied by 10 when no conversion factor was provided. LOQ, limit of quantification. Conditions for sample transport and storage before extraction are given by the authors; desiccant, storage in a desiccator; Dry, prior drying; Tamb, ambient temperature. with an intact bacterial cell (also called 'bound endotoxins') are grouped in this category. The third form corresponds to endotoxins associated with other biological or nonbiological aerosol particles. The size of these 'agglomerates' varies according to the source of the sampled aerosol. The last two forms are generally considered to be more prevalent in the environment.
In real exposure conditions, aerosols containing endotoxins have a relatively broad particle size distribution. In outside air, endotoxins have been detected in both the PM 2.5 and the PM 10 fractions of ambient particulate matter with a predominant presence of endotoxins in the coarse fraction (Heinrich et al., 2003; Traversi et al., 2011) . PM 10 and PM 2.5 are defined as the mass concentration of particles with a 50% cutoff of particles of aerodynamic diameter, d 50 = 10 and 2.5 µm, respectively. In indoor air from homes, the proportion of fine particulate endotoxins tends to be higher compared with outdoor air (Kunjundzic et al., 2006; Singh et al., 2011) . In occupational environments, the particle size distribution of airborne endotoxins depends on the environment. In a household waste recycling center, we observed that endotoxins were mainly present in particulate fractions more than 3.5 µm (data not published). Madsen and Nielsen (2010) studied the size distribution of airborne endotoxins in biofuel plants and found that the highest concentrations were in the thoracic fraction (d 50 = 10 µm). A study carried out in wood-working sites (Alwis et al., 1999) mainly found endotoxins in the inhalable fraction (as defined in ISO, 1995) rather than in the respirable fraction (d 50 = 4 µm). A recent investigation into farms showed that more than 95% of airborne endotoxins were in particles >1.8 µm (Singh et al., 2011) . Another study carried out in pig farms showed that endotoxins were mainly found in the 3.5 to 8.5 µm particle range (Attwood et al., 1986) . Traversi et al. (2011) found that the particle size distribution of airborne endotoxins in the same occupational environment was dependent on the farm studied and highlighted the consistency of the PM 1 fraction. Similar results were observed in poultry houses (Kirychuk et al., 2010) . At workstations exposed to bioaerosols from metal working fluids, Wang et al. (2007) observed that endotoxins were present in particles between 0.4 and 2.45 µm. Thus, airborne endotoxins are present in both fine and coarse fractions of aerosols, and their distribution in the different particulate fractions depends on many factors that need to be investigated.
The depth of penetration and behavior of biological particles in the human respiratory system is strongly influenced by their size, shape, density, chemical composition, and reactivity (Vincent, 2005; Liao et al., 2010) . Once inhaled, these particles can deposit on the respiratory tract walls with a probability closely linked to their size (International Commission on Radiological Protection, 1994; Hussain et al., 2011) . Deposition takes place in three different anatomical regions of the respiratory tract: the extrathoracic region (nose, mouth, larynx, and pharynx), the tracheobronchial tract (trachea and lungs), and the alveolar region (pulmonary bronchioles and alveoli). The preferential deposition of a particle in a given anatomical region directly depends on particle size. Recent data suggest that the contribution of endotoxins to particulate matter toxicity depends on the size of inhaled particles containing LPSs (Osornio-Vargas et al., 2003; Schins et al., 2004; Degobbi et al., 2011) . Measuring the distribution of endotoxins in the aerodynamic fractions of bioaerosols is therefore an important step in determining their toxicity and health effects. It also provides useful data to ensure the efficiency of sampling methods in real exposure conditions and to inform protective measures against occupational exposure to endotoxins.
METhoDS FoR SAMPLInG AIRBoRnE EnDoToXInS
The referent method: sampling on filter Sampling using a porous medium is the most widely used method in the literature for airborne endotoxin sampling (Table 3) . However, the sampling systems used are relatively numerous. Most often, samples are taken with a filter-holder consisting of a three-piece closed-face cassette (CFC) connected to a sampling pump. This is also the recommended method in the main reference documents at the international level (Table 1 ). The Button ® sampler and the IOM ® sampler are the two other most frequently used systems (Simpson et al., 1999; Marchand et al., 2007) . Other filter-holder systems, such as the GSP, PAS-6, and PGP, are also used (Table 3) .
Sampling heads
The choice of a sampling system may have an influence on the measurements taken. These filter holders are used for nonbiological aerosol sampling/analysis and have been adapted for bioaerosols (Kenny et al., 1998) . Their rigid structure holds the filter in place and makes it possible to connect the vacuum pump. The configuration of these support systems has an impact on sampling ease of use (handling, preparation, transport, etc.) . Their geometry, in particular, is a decisive element in the capture and collection of airborne particles on the filter. Several comparative studies, conducted in laboratory air tunnels or in real exposure conditions, have shown that the physical performance levels of the main systems used for filtration sampling can differ significantly (Li et al., 2000; Reynolds et al., 2009; Görner et al., 2010; Kauffer et al., 2010) . For example, the weight concentrations of dust in the air measured in the wood industry with the IOM sampler can be 2 to 23 times higher than the concentrations measured with a closed cassette (Kauffer et al., 2010) . The observed differences are mainly due to the particle size distribution for the sampled aerosol. However, the sampler's orientation relative to air currents, air velocity, and physical and environmental parameters such as particle shape and electrostatic effects are other factors that influence the performance levels of the sampling methods. The conformity of filtration sampling to the conventional fractions is discussed in a later section. We have listed a limited number of studies in which the influence of the three main filter holders on airborne endotoxin measurement is examined. One study involved wood industry measurements and showed that the IOM ® sampler led to higher values than those obtained with the Button ® sampler and the closed cassette (Harper and Andrew, 2006) . However, the concentrations measured during this study were relatively low (<40 EU m −3 ), and the samples were stored for several months before analysis. Similar results were obtained in a more recent study, which was conducted in livestock buildings, and showed that the sampling method had a significant effect on the measured concentrations (Thorne et al., 2010) .
The filters
The reference methods recommend using nonpyrogenic glass fiber filters, and standard EN 14031 indicates that the filters must not contain binders (CEN, 2003) . In practice, the type and characteristics of the media used for airborne endotoxin sampling vary significantly (Table 3) . Although glass fiber filters are the most often used, polycarbonate, Teflon, polyvinyl chloride (PVC), and cellulose-based media are also used. Similarly, the diameter (25 or 37 mm) and the porosity (0.4-8.0 µm) of these filters vary from one study to another. Several studies have compared these filters. They show that, for a given extraction and assay method, the results depend on both the characteristics of the media used and the type of aerosol sampled (Gordon et al., 1992; Reynolds et al., 2002) . As far as we know, no study has actually assessed the effect of these different filters on the efficiency of bioaerosol collection, and the observed differences are attributed instead to the capacity of these media to release endotoxins during the extraction phase (see the corresponding section). In any case, the type of filter in the sampling cassette can have a significant influence on the measurement results. In particular, several studies show that using glass fiber filters in the cassette leads to higher measured concentrations than the use polycarbonate and PVC filters (Gordon et al., 1992; Laitinen, 1999; Stephenson et al., 2004) .
Endotoxin-free sampling systems
The presence of endotoxins on the sampling equipment must also be taken into consideration. Glass fiber filters can contain endotoxins and must be decontaminated before measurement . The nonpyrogenicity of the glass fiber sampling filters was not always mentioned in the studies that we reviewed. Filter decontamination protocols using heat treatment are described in the reference methods (Table 1) , and additional information can be found elsewhere (Williams, 2001) . The available data concerning the contamination of sampling cassettes and the effect of this contamination on the measurement results are practically nonexistent. Only three studies of all those we reviewed describe a cassette treatment protocol before sampling (Laitinen, 1999; Dungan and Leytem, 2009; Coggins et al., 2012) .
Other available sampling methods
Other methods can be used for endotoxin sampling. Impingers provided satisfactory estimation of the quantity of airborne endotoxins in farm buildings and sawmills (Zucker et al., 2000; Duchaine et al., 2001) . These systems were as efficient as sampling on glass fiber filters for measuring airborne endotoxins in a wastewater treatment facility (Stephenson et al., 2004) . Another study examining the same occupational environment provides less convincing results (Spaan et al., 2008a) . The medium for collecting biological particles is generally nonpyrogenic water. This collection liquid can be used for finding other microbial markers (culturable microorganisms, DNA, etc.). However, water may undergo significant evaporation during long-duration sampling (Lin et al., 1999) , and the re-aerosolization and loss of the collected particles have been described (Han and Mainelis, 2012) .
Another system for collecting biological particles in a liquid, the CIP 10-M, was also used to measure airborne endotoxin concentration. The results obtained with the CIP 10-M show that this system can be used for airborne endotoxin sampling (Duquenne et al., 2004; Görner et al., 2006; Schlosser et al., 2009) . However, additional tests are needed to determine its limits (preparation of nonpyrogenic rotating cups, efficiency of liquid recovery in the cup, liquid sample storage conditions, etc.). A high-volume electrostatic field sampler developed for sampling of aerosols is another easy-to-use method that collects large amounts of matter (Sharma et al., 2007) . The sampler is presented as a suitable method for sampling of bioaerosols, but its actual application to airborne endotoxins is limited (Madsen and Sharma, 2008) .
The electrostatic dustfall collector (EDC; Noss et al., 2008 Noss et al., , 2010 Samadi et al., 2010) and the dust fall collector (DFC; Würtz et al., 2005; Hyvarinen et al., 2006; Frankel et al., 2012) are passive samplers recently proposed as methods to sample airborne endotoxins. One study comparing the EDC with DFC and active samplers in indoor air provided encouraging results for the former method (Frankel et al., 2012) . However, additional research is needed to learn more about the efficiency of passive samplers and to establish their adequacy for occupational safety purposes.
Consequences for standardization
Using different sampling on filter methods (i.e. sampling head + filter) may induce variability in endotoxin exposure estimates, and the standardization of this parameter is required. Indeed, the recommendations of EN 14038 for the CFC mounted with nonpyrogenic glass fiber filters are still acceptable. Other sampling on filter systems could be used, providing that the overall efficiency of their measuring process is equivalent. Further comparative studies in field conditions may be needed for that purpose.
STRATEGIES FoR MEASuREMEnT oF oCCuPATIonAL EXPoSuRE
The most important step before measurement is defining a sampling strategy, in which a sample collection action plan is set up to enable the best possible interpretation of the measurement results. Selecting the period during which measurements are taken as well as the method used accounts in a large part for how representative the data will be and the relevance of their interpretation. It involves determining how, where, when (during the workday or the year), for how long, and, if necessary, how many times the measurements must be taken. For several chemical pollutants, the measured concentration is compared with an OEL, which may be a regulatory value. The entire sampling strategy is based on this comparison with the OEL (CEN, 1995; Kromhout, 2002) . The strategy for endotoxin exposure assessment has been discussed by Spaan et al. (2007b) , who proposed an adaptation of the European standard EN 689 for chemical agents (CEN, 1995) . To our knowledge, this is the first published document discussing in detail the issue for endotoxins, and it should be considered as a reference. However, the proposed strategy is based on the existence of an OEL for endotoxins. Given the lack of these reference values for biological agents, it is impossible to take full advantage of the advances made in evaluating chemical risks. The strategy for measuring airborne endotoxins is thus specific and of special significance. Although there are other books and documents that one can refer to [American Conference of Governmental Industrial Hygienists (ACGIH), 1999a; Albrecht et al., 2007; Morey, 2007] , the knowledge needed to develop this strategy is not entirely well established. Given the subject's complexity, it is not possible to examine sampling strategy in an exhaustive manner in this article. For this reason, this section focuses on the well-established criteria for sampling and those meriting further examination and experimentation.
Compliance of the CFC with the sampling conventions
The reference methods provide specific details on the fraction to be sampled (Table 1) . According to these methods, measurement involves the inhalable fraction of the aerosol, so samples must be taken with the CFC and a flow rate of 2 l min −1 . The inhalable fraction is defined as the mass fraction of the total particles suspended in the air that is inhaled through the nose and mouth (CEN, 1993; ISO, 1995; ACGIH, 1999b) . It was defined for measuring airborne particles in general and is used for bioaerosols in the absence of a specific target convention/target specification. Generally, endotoxin toxicity affects the whole of the respiratory tract. Sampling must thus be representative of all endotoxins that may enter the respiratory system and be deposited there. With regard to current knowledge, sampling the inhalable fraction is thus acceptable for evaluating airborne endotoxin exposure risks. This fraction corresponds to an inhalable convention that determines the target specifications for sampling equipment in terms of performance (CEN, 1993) . The sampling and collection efficiency of the cassette based on particle size has been examined in several studies under different conditions (Buchan et al., 1986; Kenny et al., 1997; Li et al., 2000; Görner et al., 2010) . The corresponding performance characteristics are summarized in the appendix of a standard entirely dedicated to sampling aerosols using a filtration cassette (Association Francaise de Normalisation, 2008) . In summary, when used at a flow rate of 2 l min −1 , the CFC globally fits the inhalable convention but underestimates the sampled fraction for particles greater than 20 µm (wind velocities between 0.5 m and 4 m s −1 ). Flow rate has little impact on cassette performance. Thus, with the current knowledge, the initial recommendation of the reference documents should be kept.
Individual and ambient sampling
To evaluate exposure in the workplace, standard EN 14031 specifies that personal sampling must be used (CEN, 2003) . This involves placing a sampler in the employee's breathing area and thus is representative of exposure. Ambient or workstation sampling can be used to identify exposure sources or map exposure at fixed workstations.
Other parameters directly affecting the overall efficiency of the measurement method should be detailed in the reference methods for airborne endotoxin sampling. First, the orientation of the sampling orifice relative to the exposure source is rarely indicated in the studies we consulted, and no indication of this is given in the standard methods. This only concerns ambient sampling. In addition, the angle of the cassette relative to the horizontal axis has an influence on measurement results. In particular, sampling efficiency drops significantly when the cassette is angled down at 45° and continues to decrease at greater angles (Buchan et al., 1986; Görner et al., 2010) . The cassette must therefore remain in a horizontal position during endotoxin ambient sampling. Particular attention must also be paid to tightening the cassette, which ensures a perfect seal between the parts of the sampling head. A poor seal may lead to significant particle loss and underestimation of exposure (Baron et al., 2002) .
Variability of endotoxin exposure and consequences
Information about the variability of exposure and its determinants is needed to design a measurement strategy for hazardous substances at the workplace (Loomis and Kromhout, 2004; Burdorf, 2005) . Airborne endotoxin concentration levels at workstations have been documented for several occupational situations, and many determining factors of exposure have been identified. Nonetheless, the statistical variability of exposure to airborne endotoxins and biological agents generally is not well documented in the literature. Only three recent studies have been published on this subject, all by one Dutch team. One of these studies used data collected for approximately 10 campaigns measuring personal exposure conducted in different sectors (Spaan et al., 2008b) . This study showed significant measurement variability on the basis of sector, industry, factory, task, or work performed as well as the employee. It indicates that interemployee variability is more significant than variability between different days for the same employee. The two other studies focused on a wastewater treatment facility (Spaan et al., 2008a) and on the waste management chain employees and, by contrast, showed greater variability in individual exposure from one day to another. The variability calculated for endotoxins in these studies appears to be greater than the variability calculated for inhalable dust. Furthermore, certain studies pointed to a seasonal variation in airborne endotoxin concentration, generally with higher concentrations in spring and summer (Delucca and Palmgren, 1987; Nielsen et al., 2000; Carty et al., 2003; Heinrich et al., 2003; Madsen, 2006a; Bønløkke et al., 2009) . These variations were not observed in other studies (Thorn, 2001; Oppliger et al., 2005a; Spaan et al., 2008a) . Indeed, endotoxin levels may be influenced by the different work processes performed during different times and by the changing storage conditions of organic matter over time. The significance of airborne endotoxin concentration variability is attributed to fluctuations in the microbial populations found in reservoirs, which develop or decline rapidly depending on temperature and humidity conditions and the types of materials used in the processes. To our knowledge, the number of samples that should be collected is indicated only in one recent document covering all airborne biological agents, but this has not been validated at the international level (Albrecht et al., 2007) . Thus, there is little documentation on the number of samples to be taken, and further work is still needed in this area. Given the high exposure variability in endotoxin levels, it will probably be necessary to increase the number of samples in comparison with chemical agents for better representation of the measured endotoxin exposure (CEN, 1995) . Seasonal variations should also be taken into account. On the issue of endotoxin level variability, Spaan et al. (2007b) suggested adapting the existing measurement strategy for chemical agents presented in EN 689 (CEN, 1995) for endotoxin exposure assessment. These suggestions should be considered for standardization purposes.
Duration of sampling
Sampling duration for measuring airborne endotoxins is a parameter for which there are few recommendations and no consensus. Only one of the available standard methods addresses this issue (Table 1) . Furthermore, sampling duration for the measurement of airborne endotoxins can range from a few minutes to several hours depending on the study considered (Table 3) . It is therefore impossible to give specific recommendations concerning sampling duration in this article. More detailed analysis as well as additional research is necessary to make progress in this area. However, it is possible to discuss the criteria that must be defined to select the appropriate sampling duration. First, sampling duration affects sample representation with regard to exposure variability and profiles. Second, sampling duration must correspond to the health effects of interest (acute and chronic). On these two points, it would be possible to refer to chemical pollutants, for which the results are generally interpreted by comparing the measured values with an occupational exposure limit (regulatory or nonregulatory value). In general, these occupational exposure limits are defined for samples taken during a reference period of 8 h or 15 min (CEN, 1995) . Sampling duration is also related to the chronic or acute effect of the measured pollutant on worker health. Exposure to endotoxin may provoke chronic obstructive pulmonary diseases, so strategies including 8-h time weighted average sampling are of interest. However, exposure to endotoxin is also involved in acute respiratory symptoms (coughing, shortness of breath, decrease in lung function, fever reactions, malaise, etc.). Thus, the usefulness of short time airborne endotoxin sampling needs to be stated for occupational health purposes. Third, sampling duration is closely linked to the overall sensitivity of the measurement method (Fig. 2) . Therefore, sampling duration must be selected such that the minimum airborne endotoxin concentration measurable by the method is compatible with the expected concentration for the environment being investigated. The limulus amebocyte lysate (LAL) assay method is sufficiently sensitive for measuring low endotoxin levels (<10 EU m −3 ) found in slightly contaminated environments such as outside air (Mueller-Anneling et al., 2004) . Fourth, consensus on sampling duration must take the biological efficiency of the sampling on filter method into account. Several studies have shown that the duration of sampling could affect the viability of the microorganisms collected on the filter (Li, 1999; Wang et al., 2001 ). The effect is very significant for vegetative cells, particularly for Gram-negative bacteria already known to be sensitive to sampling on filter (Jensen et al., 1992; Deloge-Abarkan et al., 2007) . The observed effect might be due to stress associated with air passing through the porous filter, which dehydrates the collected microorganisms. The biological efficiency of the sampling on filter method (i.e. the effects of flow on the filters) has never been studied for endotoxins. It appears to be a relevant area for further research to manage the comparability of short time and long time sampling.
Referent sample points
In the absence of an OEL for the interpretation of data, results from exposed workers or contaminated areas must be compared with reference samples taken simultaneously. Certain authors recommend a systematic sample taken from outside the area of interest as a reference for checking that the endotoxins detected in the atmosphere are in fact generated by the worker's environment (Albrecht et al., 2007) . In the absence of an exposure source, outside air is considered to have a low level of contamination (Table 2 ). In the sampling plan, it is also useful to include samples from areas assumed to be noncontaminated or from workers with or without complaints. Similarly, the use of field blanks is recommended.
TRAnSPoRT AnD SToRAGE oF EnDoToXInS SAMPLES
The examination of the few available standard methods demonstrates the absence of consensus concerning the transport and storage conditions for air samples that are to be used for endotoxin analysis (Table 1 ). The European standard (CEN, 2003) and the German method (BGIA, 2002) are the most comprehensive regarding this issue. They specify that filters must be transported in a sealed container or in a sampling cassette and in a dry atmosphere. Beyond a period of 24 h, the samples must be transported in a dry atmosphere, or they must be frozen.
In the literature we have reviewed, the conditions of sample transport and storage before extraction and analysis are extremely variable from one study to another (Table 3) . Furthermore, not all authors indicate the filter storage conditions. In most of the studies reviewed, the filters seem to be stored in their sampling cassettes. Except for studies providing little information on this subject, there are practically as many methods as there are studies. To summarize the variability, these methods differ by the form in which the sample is stored (filter or extraction solution), the temperature (ambient temperature, 4°C and −20°C), the storage period (a few hours to several months), and the relative humidity of the air in the transport enclosure.
Although it is recognized that biological sample transport and storage conditions before analysis can significantly influence the final result, there is relatively little research into these effects on endotoxin samples. Thus, the absence of consensus is mainly due to the lack of scientific data. Three points need to be discussed to assess current knowledge on the subject. First, transport and storage conditions must protect the samples from any contamination by exogenous endotoxins. Transporting filters in the sampling cassette may be a more suitable practice in that it limits risks related to handling filters in the field (unconfined environment). Second, care should be taken so that sample handling does not intensify particle deposition on the sampling cassette walls (see further discussion on deposits in the section entitled 'endotoxins extraction from filters'). Finally, sample storage conditions may affect the amount of endotoxins collected on the filters. Because extract storage is covered in a following section of the review, only filter storage will be discussed here. Laitinen (1999) studied the storage of glass fiber filters that had been used for air sampling in a wastewater treatment facility. The author observed that samples extracted and analyzed on the day of sampling led to higher endotoxin contents than samples stored at 4°C without extraction. Endotoxin content in the samples dropped 10%, 30%, and 70% after 2, 7, and 14 days of storage, respectively. Morgenstern et al. (2006) observed an increase of approximately 20% for measurable endotoxin in urban air samples after storage without extraction at 4°C for more than a year compared with samples analyzed without storage. On the contrary, in two other studies, dust samples taken in private housing were stored at 4°C or at −20°C for a period ranging from a few weeks to several months without any significant change in their endotoxin content (Fahlbusch et al., 2003; Milton et al., 1997) . In another study (Spaan et al., 2007a) , the measured concentrations after filter storage at −20°C were 10% higher than concentrations observed after storage at 4°C. The few interlaboratory tests organized internationally have not taken this parameter into consideration. The tests involved cotton dust in which the endotoxin content was considered sufficiently stable over time to not interfere with the assay results (Chun et al., 2000 (Chun et al., , 2002  Downloaded from https://academic.oup.com/annweh/article-abstract/57/2/137/2464321 by guest on 26 February 2019 Reynolds et al., 2002) . In one study, the use of a desiccant such as silica gel did not have any particular effect on sample storage (Spaan et al., 2007a) .
Several hypotheses may explain the change in the amount of endotoxin during sample storage. On one hand, changes in the physical properties of endotoxins or sampled particles and shifting interactions between the endotoxins and the filter surface can affect the amount of active endotoxin present. On the other hand, changes in the biological activity (multiplication or cellular lysis) of microorganisms trapped on the filter can in turn change the amount of endotoxin initially present in the sample (Korpi et al., 1997) . These hypotheses are discussed in greater depth in the 'endotoxin extraction from filter' section. In summary, knowledge is still incomplete on this subject, and additional research is needed to define sample storage conditions irrespective of the sampling environment. In light of the contradictory results from published studies, it can be assumed that samples should be transported in an enclosure refrigerated at approximately 4°C and analyzed in the 24 h after sampling. If the samples cannot be analyzed immediately after they arrive in the laboratory, they should be frozen at −20°C. The use of a desiccant, as recommended in standard EN 14031 (CEN, 2003) and method 322 from IRSST (Marchand et al., 2009) , may be an interesting compromise for cassette storage.
EnDoToXIn EXTRACTIon FRoM FILTERS
The extraction step transfers the endotoxins, which are trapped on the filter during sampling, into an aqueous solution. The extraction protocols recommended in standards and those used during field studies show significant differences in all operations (Table 1 and  Table 4 ). This key step can result in significant variability in the airborne endotoxin concentrations measured across different laboratories. When cotton dust samples were analyzed by laboratories using different extraction protocols, the results varied by a factor of 100 to 1400 (Chun et al., 2000) . It was possible to reduce this interlaboratory variability to a factor of 5 when the laboratories conducted the test by using the same extraction protocol (Chun et al., 2006) . In both cases, the intralaboratory variability was reduced (coefficient of variation, <12%). Therefore, extraction is a step that must be standardized, and work is needed to harmonize international practices.
Furthermore, the procedures must ensure efficient endotoxin extraction from the sample. To date, the true efficiency of endotoxin extraction from filters is not well known. In laboratory experiments involving successive extractions in pyrogen-free water of glass fiber filters used to sample airborne endotoxins, Gordon et al. (1992) showed that 92% of LPSs were extracted from filters during the first extraction step. Studies on the method of endotoxin extraction from the filter show that, in addition to sampling and analysis methods, the parameters with the greatest effect on the results are the type of aerosol sampled, the type of filter used, the extraction conditions, and the filter storage conditions (Reynolds et al., 2002; Spaan et al., 2007a) . In all cases, the reagents and consumables used must be free of endotoxins, and the operators must ensure that LPSs do not adsorb to the materials used.
Managing the deposits on cassette walls
The extraction protocols used or recommended mainly consider endotoxins collected on the filter only. The collection medium is removed from the sampling cassette then subjected to a treatment that extracts the endotoxins. Endotoxins deposited on the walls of the cassette during sampling, transport, and handling are currently not taken into consideration in the analytical process. However, such deposits have been shown to exist for chemical atmospheric pollutants (Demange et al., 2002) and microbial atmospheric pollutants (Eduard et al., 1990) as well as for endotoxins (Walters et al., 1994) . Further work is needed to deal with the problem of deposits and is currently underway for chemical pollutants (Brisson and Archuleta, 2009 ).
Influence of filter type
The efficiency of endotoxin extraction from filters depends on the type of filter materials used. This has been shown using filters contaminated with pure endotoxins in the work of Laitinen et al. (2001) . The author deposited a solution of pure endotoxin on filters made of different materials and let them dry for 90 min at ambient temperature. After extraction, the author observed recovery rates of 90%, 80%, 40%, and 5% in filters made of glass fiber, cellulose ester, polycarbonate, and PVC, respectively. Differences were also observed after extraction from filters used for bioaerosol sampling. In certain studies, glass fiber filters resulted in better endotoxin extraction than polycarbonate, Teflon, mixed cellulose ester, and PVC filters (Thorne et al., 1997; Laitinen, 1999; Spaan et al., 2007a) . In another test (Douwes et al., 1995) , the measurements of extraction efficiency resulted in comparable values for glass fiber, polycarbonate, and Teflon filters but lower values for cellulose ester filters. The work of Gordon et al. (1992) also shows greater efficiency in glass fiber filters compared with seven other filters, but extraction efficiency varies with the type of aerosol sampled (detailed in following section).
The cause of these differences is not clearly established. On one hand, it is assumed that endotoxins interact with the filter surface by adsorbing to it. Depending on their origin, endotoxins may bind to the surface of hydrophobic filters such as PVC and PC filters. Certain filters such as glass fiber filters do not appear to favor this adsorption. On the other hand, filters can release inhibiting or activating substances with regard to the LAL reaction (Milton et al., 1990) . Furthermore, several authors report the presence of endotoxins on the field blank consisting of unused filters or prefilters (Laitinen, 1999; Thorne et al., 2003) .
Given that endotoxins are extracted from glass fiber filters with greater efficiency, the reference methods recommend, and with reason, to use glass fiber filters for sampling (Table 1 ). To our knowledge, no studies have focused on the influence of filter diameter or porosity on extraction efficiency.
Influence of extraction conditions Type of extraction solution
The two extraction solutions that are commonly used in the literature and recommended by the reference methods are pyrogen-free sterile purified water (PFW) and PFW with Tween-20 (Tables 1 and  4 ). Other extraction solutions are used more rarely (Tris buffer, phosphate buffer, etc.). All these extraction solutions have been tested in the literature, but their effects on extraction efficiency are mixed. In certain tests, for example, the addition of detergent (Tween-20, sodium dodecyl sulfate, etc.) to nonpyrogenic sterile purified water can significantly improve extraction efficiency (Douwes et al., 1995; Liebers et al., 2007; Spaan et al., 2007a) , whereas in other tests this is not the case Thorne et al., 2003) . The detergent appears to act either by placing the biological particles in suspension and by breaking the hydrophobic interactions between the endotoxins and the filter, by disaggregating the micelles formed by the endotoxins, or by dissociating the endotoxins from the cell wall. Spaan et al. (2007) initially proposed adding Tween-20 at 0.05% concentration, thereby changing the European standard EN 14031 protocol. At the concentration used, the detergent did not seem to interfere with the LAL assay. However, three recent studies show that Tween-20 can inhibit the reactivity of endotoxins to LAL (Liebers et al., 2007; Spaan et al., 2008c; Dungan and Leytem, 2009 ). In summary, using detergent in the protocol is recommended, but the Tween-20 interactions must be clarified to arrive at a better consensus on the extraction solution composition.
The volumes generally used for the extraction are from 4 to 20 ml (Table 4) , and the standardized methods differ significantly on that point (Table 1) . As a result, there is no consensus on this parameter, which has nonetheless been identified as a significant factor in extraction efficiency (Liebers et al., 2007) . The EN 14031 standard proposes adapting the extraction solution volume according to filter dimensions, but the volume of the extraction solution should be specified by the EN14031 for each filter size. The extraction volume could be fixed by consensus (for example 10 ml for 37 mm filters), but additional investigations are needed to define the proper 'volume/filter size' combination allowing an efficient and reproducible extraction for a wide range of aerosol type. The sensitivity of the airborne endotoxin measurement method depends in part on the volume of extraction solution used (Fig. 2) .
Shaking conditions
The extraction conditions described in the literature are highly diverse in terms of shaking type, duration, and temperature (Table 4 ). In tests that varied these different parameters (Reynolds et al., 2002) , it was not possible to observe an effect on extraction efficiency. When effects were observed, interpretation was impossible (Reynolds and Milton, 1993) . In general, a vigorous treatment is recommended (shaking, sonication, or both) to avoid micelle formation and endotoxin adsorption on the glassware walls. Most protocols involve a 1-h extraction at ambient temperature or between 20°C and 25°C. An extraction at 68°C is sometimes performed to avoid interference from proteins (see LAL assay section). In light of the available data, the European standard protocol using orbital shaking (standard shaker) for 1 h at ambient temperature appears to be a good compromise for extracting endotoxins from filters (Table 1) .
A centrifugation step is generally added at the end of the extraction to eliminate the largest particles. It also accelerates the sedimentation of the glass fibers produced by filter disintegration during extraction, which may cause pipetting difficulties. Very few experimental data are available on the subject. When studying bioaerosols from animal barns, Liebers et al. (2007) found no differences in the endotoxin content of extracts after their centrifugation for 10 min at 1000g or 3000g (no comparison with noncentrifuged samples). Another study in an open-lot dairy showed a reduction of the initial endotoxin concentrations by 13% and 27% after 1 min of centrifugation at 1000g and 10 000g, respectively (Dungan and Leytem, 2009 ). The literature seems to suggest an empirical consensus concerning centrifugation at 1000g for 10 min. This protocol is close to the recommendations of the reference documents and is in agreement with recently published data ( Table 4) .
Type of aerosol sampled
Several studies report that, for a given protocol, extraction efficiency may also vary according to the type of aerosol sampled (Gordon et al., 1992; Reynolds et al., 2002) . Gordon et al. (1992) evaluated the endotoxin extraction efficiency for different filters and for aerosols from different sources. In their tests, the extraction conditions were set; only the types of aerosol and filter varied. The results show that glass fiber filters have higher extraction efficiency than other filters when the aerosol sample is composed of mineral particles. In contrast, when the sampled aerosol consists of cotton dust or comes from metalworking fluids, acetate cellulose and PVC filters offer greater extraction efficiency than glass fiber filters. In the same study, no endotoxins were extracted from the Mylar ® filters used for aerosol samples from metalworking fluids. Similar observations were made in more recent studies (Reynolds et al., 2002) . The specific nature of metalworking fluid aerosols would seem to explain the creation of a specific standard (ASTM E2144-01) in the United States. The limited number of studies on this matrix effect makes it impossible to change the protocols according to the aerosol sampled, but it may be necessary to indicate the area of application for the method in the future.
Extract storage conditions
Several studies have focused on storage conditions of extracts and solutions containing endotoxins. These studies showed that the main factors affecting endotoxin quantity in samples during storage were the temperature and duration of storage, the type of glassware used for extract storage, and the presence of the filter in the extract during storage.
Temperature is one of the key parameters in extract storage. The work of Douwes et al. (1995) showed that storing endotoxin solutions prepared from pure product at a low temperature (7°C) did not affect the endotoxin content over the course of a year. However, reagent suppliers recommend not keeping an endotoxin solution in the refrigerator for too long. Furthermore, contradictory results were observed in the literature when extracts prepared from air samples were stored at 4°C or −20°C. For example, endotoxin concentration in extracts prepared from air sampling filters and stored at 4°C increased in the first days of storage in one study (Laitinen, 1999) , declined in a second study , and did not change in a further study (Spaan et al., 2007a) . Freezing endotoxin solutions at −20°C has been shown to reduce the initial LAL by 20% to 25% (Douwes et al., 1995; Laitinen, 1999) or by 86 % , whereas other studies reported a slight increase (Morgenstern et al., 2006) , and some even reported no changes (Spaan et al., 2007a) . A decrease of approximately 28% was observed in extracts stored at −70°C (Liebers et al., 2007) , and a 44% decrease was observed in water samples stored at −80°C (O'Toole et al., 2009) . Several freezethaw cycles significantly decreased the amount of endotoxins measurable in extracts by 25% per cycle (Douwes et al., 1995) .
In light of the contradictory data in the literature, it would seem advisable not to store an extract at 4°C for more than a few hours before analysis. As a last resort, freezing at −20°C may be a possible and practical alternative solution, on which consensus should be obtained. Samples should be stored as aliquots to avoid freezing and thawing of the extracts. As the type of filter can influence the endotoxins placed in suspension (adsorption) and their analysis (inhibition, activation), it is recommended to store extracts without filters (Milton et al., 1990) . Finally, it was demonstrated that the type of glassware used to store the extract influenced the LAL assay results. This is discussed in further detail in the LAL assay section.
EnDoToXIn ASSAY uSInG ThE LAL METhoD
This section provides helpful information to the operators on the analytical method for endotoxins and could be partly included in the informative appendix of EN 14031. The endotoxin assay method used in all reference documents is the kinetic chromogenic LAL method (Table 1) .
LAL method principle and sensitivity
The LAL technique uses the specific and natural properties of limulus amebocytes (cells found in the hemolymph of the horseshoe crab) that form an intracellular gel in the presence of endotoxins. The cytoplasmic components of limulus amebocytes are extracted to prepare a reagent for endotoxin detection and assay. The existing methods for detecting Mehta et al. (2008) The data are from studies measuring endotoxin exposure in different occupational environments and published after 2000. X, step not included in the method used; NI, no information provided on this parameter by authors; X, step not include in the protocol. and quantifying the endotoxins using the LAL test have already been described elsewhere (Hurley, 1995; Rylander, 2002) and will not be discussed in this chapter. For the kinetic chromogenic LAL assay, mixing the endotoxins with the LAL reagent turns the reaction medium yellow (Fig. 3) . This can be monitored by spectrophotometry at 405 nm using 96-well microtitration plates (Fig. 4A) . The rate of increase in optical density at 405 nm (OD405) is determined by endotoxin concentration. For cotton dust samples, the kinetic chromogenic assay provides a better estimation of endotoxin concentration (Jacobs and Chun, 2004) . The amount of endotoxin present in the medium is obtained by comparing the OD405 in the well (Fig. 4B) with the OD405 measured in the wells containing the standard range (solutions with known endotoxin concentrations). The reagents needed for the assay are available from specialty suppliers, and the results are expressed in EU per milliliter of sample. The LAL assay is very sensitive. According to the suppliers of the standards that are selected and validated for the assay, it is possible to quantify endotoxins in a solution containing between 0.001 and 0.005 EU ml −1 and between 20 and 50 EU ml −1 (10 EU ~1 ng). In air, the endotoxin quantification limit depends on the volume of air sampled (Fig. 2) .
LAL assay interferences linked to endotoxins Diverse structures and activities
The LAL test result is obtained by comparing the activity of a known endotoxin quantity with known activity (standard) to the activity of an unknown endotoxin quantity in a sample. Endotoxins have a general structure irrespective of their source (Fig. 1) . Beyond this general structure, there are variations depending on the bacterial strain from which the endotoxins originate (Kosma, 1999; Caroff and Karibian, 2003) . These structural variations have a direct impact on endotoxin toxicity and endotoxin reactivity in the LAL test (Friberger, 1985; Caroff et al., 2002; Erridge et al., 2002) . It has thus been demonstrated that endotoxins have very different LAL activities depending on whether they are extracted from different species of bacteria or different strains belonging to the same species (Saraf et al., 1997) .
Agglutination
Endotoxins are LPSs and their molecular structure has a hydrophilic pole (polysaccharide) and a hydrophobic pole (lipid A). As a result of this structure, endotoxins Fig. 3 . Cascade reactions of LAL triggered in the presence of endotoxins. For endotoxin assay by the kinetic chromogenic LAL method, the cascade reaction results in a yellow color in the reaction medium. In certain cases, the glucans can also lead to the same result by another pathway.
can react between themselves but also with several other chemical substances. In aqueous solutions, they can agglutinate and form structures with higher molecular weight, known as superstructures or micelles (Erridge et al., 2002) . These structures reduce their reactivity relative to LAL. Cation concentration is a commonly cited agglutination factor (Cooper, 1990 ).
Pollution by exogenous endotoxins
As the LAL test is very sensitive, a low amount of residual endotoxin is enough to result in a positive test reaction. For this reason, it is crucial to use consumables and glassware free of endotoxins and to apply procedures that limit the risks of contamination. Furthermore, negative controls must be performed throughout the analytical procedure to ensure the absence of contamination.
Adhesion on surfaces
Several authors have demonstrated the possibility of endotoxin adsorption on the walls of the glassware used during the assays. The use of glass tubes minimizes the phenomena of adsorption, whereas other materials such as polypropylene favor adsorption (Novitsky et al., 1986) . For this reason, glass is cited as a reference material in the various standards and other standard methods. Polypropylene may be used, but a prior evaluation of how this material behaves relative to endotoxins is generally recommended (Cooper, 1990; CEN, 2003) . During storage tests (4°C and −20°C) with pure endotoxin solutions in borosilicate glass, smooth glass, and nonpyrogenic polypropylene tubes, Douwes et al. (1995) did not observe any effect of the glassware. Aside from the chemical composition of the glassware material, the chemical elements from the sample itself affect endotoxin adsorption. In particular, cationic proteins favor adsorption of endotoxins on certain surfaces (Yokota et al., 2001; Hirayama and Sakata, 2002) . In all cases, the agglutination of endotoxins or their adhesion to the walls reduces their reactivity relative to LAL (Erridge et al., 2002) .
LAL assay interferences related to LAL reaction
Mixing endotoxins with the components of the LAL reagent triggers a cascade of enzymatic reactions (Fig. 3) . Certain factors act directly on the reagent components and significantly influence the reaction and thus the final result. The LAL reaction is not completely specific to endotoxins, and positive results can be observed with other substances. The effects of temperature, pH, ions, and other chemicals have been discussed in several studies in the literature (Sullivan et al., 1976; Cooper, 1990; Milton et al., 1997) . Thus, this section focuses on the main factors and interfering substances that call for specific attention.
β-d-glucans and other cellulose compounds
β-d-glucans are d-glucose polymers that are included in the makeup of cell walls for most fungi, yeasts (Saccharomyces cerevisiae) and plants. They are also found in the periplasm of certain bacteria (Bradyrhizobium japonicum, Rhizobium loti, Azorhizobium caulinodans, Azospirillum brasilense, Agrobacterium spp., Rhizobium, and Cellulomonas spp.). When β-d-glucans are present in the reaction medium, they may trigger the LAL reaction via the factor G pathway (Fig. 3) and cause overestimation of the endotoxin concentration (Zhang et al., 1988; Roslansky and Novitsky, 1991) . However, the glucan concentrations necessary to trigger the LAL reaction are 1000 to 400 000 times higher than the endotoxin concentrations that activate the reaction (Roslansky and Novitsky, 1991) . Laminarin is a substance that blocks the factor G pathway activated by glucans (Zhang et al., 1994a) , and some suppliers offer buffers that block the G pathway.
Effects of Tween-20 on the LAL reaction
Several authors observed that the application of Tween-20 to the reaction medium modified the standard curve (Olenchock et al., 1989; Liebers et al., 2007; Spaan et al., 2008c; Dungan and Leytem, 2009) . Standards with Tween exhibited lower maximum reaction rates and led to decreased assay sensitivity. The inhibitory effect of Tween is concentration dependant and is observed at approximately 0.002% or higher. It can be overcome with dilution of standards. The effects of Tween on the LAL reaction are not fully understood. The detergent may reduce the activity of the endotoxins or the proenzymes of the LAL reagent. Furthermore, Spaan et al. (2008c) reported a better reproducibility of the standard curves prepared in PFW without Tween and thus recommended that detergents should not be used in the assay medium.
Factors related to measurement and operation techniques
The analytical operating procedure begins by pipetting an aliquot of the sample (usually 100µl) into a microtiter plate. The wells are then filled with equal volumes of the LAL reagent. This operation is a critical one as the endotoxins trigger the cascade of enzymatic reactions as soon as they are mixed with the components of the LAL reagent. For this reason the plate must be assayed immediately after the LAL reagent is dispensed. Furthermore, the endotoxin concentration has been shown to be 2.5-fold higher in wells when the LAL reagent is added with a 4-min delay (Dungan and Leytem, 2009 ). Thus, a delayed or an inappropriate addition of LAL reagent in the microplate may result in an overestimation of endotoxin concentration. The chromogenic LAL method employs spectrophotometry (405 nm), and as a result, all substances that may absorb in the same domain are considered a potential source of interference.
Reagent variability
The assay reagents include purified endotoxin and the freeze-dried LAL reagent. Several authors note variations in how the reagents are prepared that may influence the LAL assay results (Ding and Ho, 2001; White, 2002; Lane et al., 2004) . This applies to reagents from different suppliers and, for a given supplier, reagents from different lots. There are relatively few published comparative studies. One study shows that the analysis of air samples from different occupational environments can lead to results 2.7 to 5 times higher according to the selected supplier (Liebers et al., 2007) . Differences have also been observed in domestic dust and in pure microorganism cultures (Saraf et al., 1997) . In published interlaboratory tests, wherever possible the authors used the same lots to avoid interlot variability. It is thus recommended to compare LAL assay results based on 'identical' reagents, and it is also important to consider the source of the reagents when comparing the results.
Identifying and removing interferences
Inhibition or enhancements are identified using the 'product-positive control' (PPC) method, in which a known quantity of standard endotoxin (i.e. a spike) is added to some wells to check that this same quantity is recovered at the end of the assay. In studies we reviewed, interference is identified when the spike recovery does not range between 50% and 150-200%. These acceptance criteria for PPC recoveries comply with the European pharmacopeia [European Directorate for the Quality of Medicines & HealthCare (EDQM), 2010], but recommendations of EN 14031 are more stringent (75-125%). These criteria, as well as the spike concentration to be used, need to be discussed. To remove interference, the analysis must be repeated after diluting the sample in question (Dungan, 2011) . Other methods can be used to remove this interference (heating, neutralization, etc.), but these methods are not standardized for air samples and must be validated (Cooper, 1990; Hollander et al., 1993) .
LAL assay acceptability criteria
LAL assay validity criteria are not mentioned in all reference methods. These criteria are generally provided by the suppliers and correspond to what is set forth in the pharmacopeia (EDQM, 2010) . To summarize, the validation of an analysis depends on the validity of the calibration curve (absolute correlation coefficient value greater than 0.98), the absence of interference, the absence of endotoxins in the negative controls, and a coefficient of variation between two repetitions that is lower than 10%.
Other methods of endotoxin assaying
Although the LAL assay method is the most widely used, other methods have been proposed as alternatives for quantifying endotoxins in a solution. The biological method enzyme-linked immunosorbent assay is sensitive (0.001 EU ml −1 ), but its specificity has not been studied (Zhang et al., 1988; Zhang et al., 1994b) . Another method, known as the recombinant factor C (rFC) method, has also been developed in recent years. The first component in the enzymatic cascade for the LAL reaction (factor C) was purified and cloned to produce a fluorescence test (Ding et al., 1995; Ding and Ho, 2001 ). The test is faster (~1 h), is not sensitive to glucans, and does not show variability from one lot to another (McKenzie et al., 2011) . Good correlations between the measurement results obtained with the LAL and rFC analysis methods were reported, although the LAL method sometimes leads to higher values (Alwis and Milton, 2006; Thorne et al., 2010) . To our knowledge, only one commercial kit is currently available (Pyrogene ® , Lonza). Other biological methods such as the whole blood assay (Dehus et al., 2006; Liebers et al., 2009) and the TLR4 assay (Peters et al., 2012) have also been recently proposed as alternatives to LAL.
Several chemical methods involving gas chromatography coupled with mass spectrometry (GC/MS) have been studied or developed (Saraf et al., 1999; Binding et al., 2004) . Comparing these chemical methods with the LAL method (Sonesson et al., 1990) or the recombinant method (Saito et al., 2009 ) reveals relatively weak correlations, and GC/ MS results are often higher than those obtained with the biological methods. An interlaboratory test showed that chemical methods are insufficiently standardized for endotoxin analysis (Reynolds et al., 2005) .
There is currently discussion about the future of limulus populations, which seem to be declining gradually (Faurby et al., 2010) and about using them for LAL reagent preparation (Walls and Berkson, 2003) . It would be necessary to develop alternative methods to the LAL assay in the future.
EXPRESSIon AnD InTERPRETATIon oF RESuLTS
Sampling methods and strategies for endotoxins should enable the best possible interpretation of the measurement results. There is currently no occupational exposure limit defined for endotoxins at the international level. As a result, the interpretation of the data is yet to be elucidated, and most reference methods do not provide any direction in this area. Nevertheless, in this section, we have tried to bring together what is known about the significance of results from the measurement of airborne endotoxins. This review should inform any revision of EN 14031 (CEN, 2003) , which would also benefit from the proposal of Spaan et al. (2007b ) to adapt EN 689 (CEN, 1995 for endotoxin sampling strategies.
Expression of results
All reference methods recommend expressing measurement results in EU per cubic meter of air sampled (Table 1 ). In most of the studies listed in Table 3 , the quantity of endotoxins is expressed in EU. Mass units (ng) seem to be disappearing gradually but are still used. The EU is the LAL reactivity measurement unit. EUs are more suitable than mass units because the biological activity of endotoxins with identical mass varies significantly from one bacterial strain to another. EUs reflect endotoxin activity relative to LAL and may be better for measuring toxicity. The endotoxin international unit (IU) is defined as the specific activity of a given mass of the international standard; it is equivalent to the EU.
Correlation between endotoxins and bacterial counts
There is relatively little information on the quantity of endotoxins in Gram-negative bacterial cells. However, two bibliographic reviews report that a bacterial cell contains between 10 and 40 fg of LPSs (Hurley, 1995; Anderson et al., 2002) . LAL endotoxin measurements are generally correlated to Gram-negative bacteria concentrations in pure bacterial cultures or associated samples (Hurley and Tosolini, 1992; Anderson et al., 2002) . For air samples, the correlation is not as clear. In some studies, the airborne endotoxin levels (measured by the LAL method) are well correlated with culturable Gram-negative bacteria concentrations (Alwis et al., 1999; Gora et al., 2009) or with airborne microorganisms assayed using different methods (Laitinen et al., 1992; Alwis et al., 1999; Reiman and Uitti, 2000; Su et al., 2002) . By contrast, in other studies, these correlations were not observed (Reynolds and Milton, 1993; Oppliger et al., 2005b) or were relatively weak (Nielsen et al., 1997) . Airborne endotoxin measurement using the LAL method indicates the presence of Gram-negative bacteria in the investigated environment at a given point in time. Note that LPSs are also present in cyanobacteria (Rapala et al., 2002; Stewart et al., 2006) . However, this endotoxin measurement method does not give any information about the viability of the bacteria and is not systematically correlated with airborne bacteria measurements. The lack of correlation may be explained either by the persistence of LPS from dead or damaged microorganisms or by the unsuitability of the method and the medium selected for enumeration of microorganisms.
Correlation between endotoxins and weight measurement of dust
The relationship between endotoxins and inhalable dust has been studied by several authors. Significant correlations have been found in various sectors such as waste composting (Epstein et al., 2001; Schlosser et al., 2009; Sykes et al., 2009) , agriculture, agro-industry, animal husbandry (Roy and Thorne, 2003; Spaan et al., 2006; Madsen et al., 2009; Thorne et al., 2010) , wood industry (Oppliger et al., 2005b; Harper and Andrew, 2006) , and docks (Spankie and Cherrie, 2012) . In addition, moderate correlations were also observed in the cotton industry (Astrakianakis et al., 2006; Paudyal et al., 2011) and in farms (Traversi et al., 2011) , and weak correlations were found in sawmills (Douwes et al., 2000) . For low-dust activities such as wastewater treatment and straight oils, little correlation data are available.
Correlations between endotoxins and inhalable dust were identified in certain sectors. However, in these sectors, inhalable dust measurement does not systematically approximate the endotoxin measurement in all situations. Spaan et al. (2008b) showed that a high correlation coefficient calculated for all sectors (r = 0.75) may mask disparities when more specific activities within sectors or within facilities are considered. This could result in strong correlation in some cases and lack of correlation in others. Similar observations were made in older studies (Sonesson et al., 1990; Simpson et al., 1999) . This means that preventive measures to reduce dust will be useful in certain cases, but they will probably not systematically reduce endotoxin exposure at all workstations (Madsen et al., 2009) . One study also showed correlations between different particle size fractions of endotoxins and size fractions of dust (Madsen and Nielsen, 2010 ).
Free and bound endotoxins
As already indicated, endotoxin activity with the LAL reagent depends on the form the endotoxins take in the reaction medium. Older studies on pure bacterial cultures suggest that the LAL assay does not totally cover the endotoxin bound to the cell membrane (Jorgensen and Smith, 1974; Mattsby-Baltzer et al., 1991) . Lipid A is unable to activate the enzymes necessary for triggering the LAL reaction when the LPS molecule is still embedded in the cell membrane. This limitation is suggested by certain authors to partially explain the observed differences between the results of the chemical methods and the biological method for endotoxin assays in air samples (Reynolds et al., 2005; Spaan et al., 2008a) . Although providers invoke dispersive effects of the LAL reagent that may disrupt cells and release free endotoxins into the reaction medium, the phenomenon remains unclear. It would thus appear that the LAL method underestimates the actual amount of biologically active endotoxins in air samples. These observations are all the more significant in that the experimental data suggest that the biological activity (i.e. toxicity) of inhaled endotoxin is high when the endotoxins are bound (Rylander et al., 1989) . However, there are no recent studies on this subject and the effect of this limitation on measured results is not well understood. Additional studies are necessary to determine its significance.
Dose-effect relationship
Detailed information on the dose-effect relationship between endotoxin exposure and observed symptoms is not yet available. There have been many experimental studies on exposure that have evaluated the dose-effect relationship for endotoxins. Nonetheless, the endotoxin concentrations at which distinct symptoms start to appear vary from one study to the next. For example, pulmonary problems were observed starting at 450 EU m −3 in a study conducted in the cotton industry (Oldenburg et al., 2007) and at 100 EU m −3 in another study conducted in hog houses (Heederik et al., 1991) . Furthermore, the bibliographic review by Douwes and Heederik (1997) showed a 'level without effect' between approximately 90 and 1700 EU m −3 . There are many reasons explaining why it is difficult to establish a stable dose-effect relationship based on field studies. First, the lack of consensus around the method and the strategies used to measure worker exposure make the results of the epidemiological studies difficult to compare in certain cases. Second, the symptoms linked to endotoxin exposure are not specific and could be attributed to exposure to other atmospheric pollutants, which could act either in synergy or antagonistically. Workers exposed to endotoxins may also be exposed to other components of the microbial cell wall (1,3-β-d-glucans, muramic acid, lipoteichoic acid, peptydoglycan, mannan, chitin, etc.), which are themselves suspected to be pathogenic. The correlation of LAL measurements to the severity of illness in humans following exposure to endotoxins is also unclear. Other reasons such as variable sensitivity between individuals or the possible contradictory health effects of endotoxins may also be mentioned.
Existing recommendations and their limitations
Despite the difficulties of establishing a recognized dose-effect relationship, several recommendations have been formulated or proposed to facilitate the interpretation of data. Rylander (1997) ) for the appearance of ODTS symptoms. Despite these recommendations, no regulatory value is currently available. An occupational exposure limit of 50 EU m −3 was proposed in 1998 in the Netherlands , which was used as a reference for a few years before being abandoned. In July 2010, the Dutch Expert Committee on Occupational Safety (DECOS), a Committee of the Health Council of the Netherlands, published a report proposing a new occupational exposure limit of 90 EU m −3 (DECOS, 2010) . This document was written in cooperation with the Nordic Expert Group (NEG) for Criteria Documentation of Health Risks from Chemicals and has since been adapted to the requirements of NEG in September 2011 (NEG and DECOS, 2011) .
An alternative approach is to use a relative exposure limit (RLV). This method was proposed by the ACGIH and is used by the IRSST (ACGIH, 1999a) . Values measured at the workstation are compared with values measured at a reference sampling point (background level). The limit value that is used, when there are recognized health problems among workers, is 10 times the value measured at the reference point. When there are no recognized problems, this limit value is 30 times the background level. The main difficulty with this approach is in the choice of the reference sampling point, which is often situated outside, and in recognizing the relevant symptoms within the worker population. It should be noted that the ACGIH no longer offers an interpretation guide (ACGIH, 2010).
ConCLuSIonS
The available literature over the past decade contains numerous studies that have focused on measuring airborne endotoxins. Standard methods as well as standardization initiatives exist and represent an undeniable step forward. However, these reference methods are not international standards. They also diverge on certain points and contain inaccuracies with regard to the protocols described. In practice, the methods used to measure airborne endotoxins in the workplace do not take all the recommendations formulated in the reference documents into account. As a result, the protocols used in the corresponding studies differ in relatively significant ways, for all steps of the measurement process (sampling method, sample transport, extraction, analysis, etc.).
A standardization effort is thus critical to reduce interlaboratory variability and ultimately improve the opportunity for using interstudy data. The airborne endotoxin measuring process includes different steps that influence the results and their interpretation. Sampling and sample transport, storage, and analysis are inextricable operations that must be considered to develop and standardize the methods. First, this involves improving protocol accuracy to limit the possibility of operators interpreting parameters that could be sources of variability. Second, recent research has contributed significant knowledge that must be integrated in a reference document. Some recommendations for a revision of the EN 14031, made in light of recent progress and previous standardization initiatives, have been compiled in Table 5 . Further researches and round robins are also necessary in certain areas where knowledge remains insufficient. Concerning the measurement method, additional studies are needed to better define parameters such as sampling duration, sample storage conditions, and the need to consider deposits in the analytical process. The development of alternative methods to the LAL assay may also be necessary. Furthermore, multiparameter comparative studies could be carried out in different occupational environments to assess the individual contribution of measurement factors to the results. This may facilitate the comparison of results from already published exposure studies. This methodological work must be accompanied by a rethinking of the exposure measurement strategy, and the variability of endotoxin exposure must be further investigated. The current review as well as the proposal of Spaan et al., (2007b) to adapt the European standard EN 689 for chemical agents (CEN, 1995) should be considered as starting documents for that purpose. In addition, complementary research in toxicology and epidemiology as well as the establishment of a database should facilitate the interpretation of measurement results.
The bibliographic review in this article offers information enabling the operator to better understand how the method is used. It presents the current status of standardization for airborne endotoxin measurement methods and strategies in the workplace and summarizes areas for further research. It represents a starting point (Table 5) for international work to define a consensus on this method. 
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